Previous results have demonstrated that nonspecific protective immunity against lethal
Lipopolysaccharide (LPS), an integral component of the outer membrane of gram-negative bacteria, stimulates numerous immunobiological and pharmacological activities. During a bacterial infection, LPS may be recognized by host cells as a component of the bacterial surface, as well as following shedding of individual LPS molecules during bacterial growth or lysis. In mice, LPS purified from most pathogenic bacteria readily activates macrophages, B lymphocytes, neutrophils (32, 36) , and T cells indirectly (41) for proliferation and/or production of a variety of cytokines and chemokines. Strains of inbred mice that are genetically hyporesponsive to LPS, such as C3H/ HeJ, are paradoxically more susceptible to many gram-negative infections (38) , indicating the importance of the molecule in influencing host-pathogen interactions. Overall, LPS recognition in mice has complex consequences and appears to be beneficial at lower doses of exposure but detrimental at higher doses.
Antibodies to LPS have been well studied both for diagnostic utility and for their contribution to protective immunity, particularly for extracellular bacteria such as Pseudomonas (7, 27) . However, despite extensive study of immunobiological responses to LPS during infections such as those caused by salmonellae (31) , the consequences of LPS recognition during infection with intracellular bacteria are less well understood.
To determine the mechanisms of protective immunity operative against intracellular pathogens, we have characterized the murine protective immune response to the intracellular bacterium Francisella tularensis live vaccine strain (LVS). This small, gram-negative bacterium infects and replicates in macrophages and related cells (3, 17) . LVS infections in mice are similar to human infections with fully virulent F. tularensis (39) . Since survival of sublethal LVS infection leads to strong and easily measurable secondary protective immunity to LVS, we (8, 15, 17, 46) and others (2, 18, 40) have found the study of this infection in mice to be an informative in vivo model of immunity to intracellular pathogens. In contrast to the properties typically associated with LPS from many pathogens, LPS purified from LVS appears to lack many of the activities usually ascribed to this molecule. No traditional endotoxin has been associated with virulent F. tularensis (23) . More recent reports indicated that purified LVS LPS was not endotoxic in D-galactosamine-sensitized mice (37) and failed to activate Limulus amoebocyte lysate (37) . Further, LVS LPS also failed to stimulate human monocytes or peripheral blood lymphocytes to proliferate, produce tumor necrosis factor alpha (TNF-␣), or produce interleukin-1 (IL-1) (37) . Similarly, mouse peritoneal exudate macrophages treated with LVS LPS did not produce TNF-␣ or nitric oxide, and there was no increase in surface immunoglobulin expression by a mouse pre-B-cell line in response to LVS LPS (1) . To date, the only reported biological activity of LVS LPS is activation of complement (21) ; no structural information is available.
On the other hand, in vivo experiments have suggested that LVS LPS contributes to the virulence of Francisella, in that LPS-defective Lps d C3H/HeJ mice are reported to be more susceptible to LVS infection than Lps n C3H/HeN (30) . Francisella has apparently evolved the ability to undergo phase variation of LPS expression, such that F. tularensis normally expresses the "nontoxic" chemotype of LPS but occasionally switches to expression of a stimulatory chemotype of LPS that is characteristic of the closely related bacterium Francisella novicida (6) ; this indicates that regulated variation between LPSs of different biological properties confers a survival advantage on the bacterium. Further, detection of antibodies to Francisella LPS has been useful in diagnosis of human disease from natural infection (37, 42) as well as in demonstrating successful vaccination with LVS (44), indicating that Francisella LPS is immunogenic. Mice given repeated large doses of LVS LPS were protected against lethal LVS infection (19) . The latter finding is particularly intriguing, since protection against intracellular pathogens has often been more difficult to achieve using killed bacteria or purified bacterial components than through infection with live attenuated organisms. Here, we report that treatment of mice with surprisingly small amounts of LVS LPS resulted in very strong and long-lived protection against lethal LVS challenge within 2 to 3 days. To understand the mechanism of protective immunity stimulated by LVS LPS against this intracellular infection, we performed a comprehensive characterization of the immunogenicity, polyclonal lymphocyte responses, and protective capacity of LVS LPS in mice.
MATERIALS AND METHODS
Animals. Adult (6-to 12-week-old), specific-pathogen-free, male BALB/cByJ, C57BL/6J, and BALB/c.scid mice were purchased from The Jackson Laboratory (Bar Harbor, Maine). Male Igh6 (MT Ϫ B-cell-deficient [25] ) and male gamma interferon (IFN-␥) knockout (KO) mice (9) on a C57BL/6J background (Ͼ14 backcrosses) were purchased from the Induced Mutant Resource of The Jackson Laboratory. At least one mouse from each shipment of B-cell KO mice was sacrificed, and spleen cells were assessed by flow cytometry (see below), to confirm the phenotype of the mutation; no discrepancies were found. C3H/HeN, C3H/HeJ, and BALB/c.nu/nu mice were purchased from the Biological Resources Branch, Frederick Cancer Research and Development Center, National Cancer Institute (Frederick, Md.). The Lps phenotype of C3H/HeN and C3H/ HeJ mice in each shipment was confirmed by testing LPS proliferative responses of spleen cells from randomly chosen mice in proliferation assays (see below; data not shown). All mice were housed in sterile micro-isolator cages in a barrier environment at the Center for Biologics Research and Evaluation (CBER), fed autoclaved food and water ad libitum, and routinely tested for common murine pathogens by a diagnostic service provided by the Division of Veterinary Services, CBER. The research described in this report was conducted in accordance with a protocol approved by the Animal Care and Use Committee of CBER.
Bacteria and growth conditions. F. tularensis LVS (ATCC 29684; American Type Culture Collection, Manassas, Va.) was cultured on modified MuellerHinton (MH) agar plates or in modified MH broth (Difco Laboratories, Detroit, Mich.) supplemented with ferric pyrophosphate and IsoVitaleX (Becton Dickinson, Cockeysville, Md.) as previously described (4, 18) . Listeria monocytogenes strain EGD (ATCC 15313), a gift from William Schwan, was cultured in brain heart infusion broth or plates (Difco). One-milliliter aliquots of bacteria were frozen in broth alone at Ϫ70°C and periodically thawed for use; viable bacteria were quantified by plating serial dilutions on MH agar plates. The number of CFU after thawing varied less than 5% over a 6-month period.
Bacterial infections. Mice were given 0.5 ml intraperitoneally (i.p.) or 0.1 ml intradermally (i.d.) of the indicated dilution of LPS or LVS; actual doses of bacteria inoculated were simultaneously determined by plate count. All materials, including bacteria, were diluted in phosphate-buffered saline (PBS; BioWhittaker, Walkersville, Md.) containing Ͻ0.01 ng of endotoxin per ml. Mean time to death was calculated by arithmetic mean Ϯ standard deviation for all mice within a group that died; surviving mice were not included in this calculation.
LPS and DNA reagents. LVS LPS was purified from whole F. tularensis LVS bacteria as previously described (6, 45) . Briefly, a 1.5-liter culture of F. tularensis LVS was grown in 4-liter flasks at 37°C for 48 h in Trypticase soy broth with cysteine. The cultures were centrifuged at 3,000 ϫ g for 15 min, washed three times in PBS, once in methanol, and once in acetone, and then lyophilized. The LPS was then extracted by the hot phenol method of Westphal and Luderitz (45) . After the crude LPS was treated with DNase, RNase, and proteinase K, the pellet was harvested by centrifugation at 100,000 ϫ g three times for 12 h. The purified LPS concentration was determined by measuring dry weight, followed by resuspension in sterile endotoxin-tested water (6) . Contamination by DNA and protein in the final preparation was below limits of detection (6) , and these preparations of LPS had no activity in a traditional chromogenic Limulus amoebocyte assay (BioWhittaker) at concentrations of up to 50 g/ml (data not shown). Escherichia coli O111 LPS, E. coli O55 LPS, and concanavalin A were purchased from Sigma (St. Louis, Mo.). E. coli K235 LPS and Salmonella enterica serovar Typhimurium LPS were purchased from Ribi Immunochem (Hamilton, Mont.). All LPS preparations were reconstituted in endotoxin-free PBS and stored at 4°C. The sequence of the oligonucleotide used, synthesized by the CBER Core Facility, was TCT CCC AGC GTG CGC CAT (designated oligo 1 in reference 16).
Proliferation assay. Single-cell suspensions were prepared from spleens from the indicated donor mice. Erythrocytes were lysed using ammonium chloride, and viable cells were enumerated by exclusion of trypan blue. For enrichment of B cells, spleen cells were resuspended to a concentration of 10 8 cells/ml and treated with a cocktail of (each at 10 g/ml) anti-Thy1.2 (30-H12), anti-CD4 (RM4-5), anti-CD8 (53-6.7), and anti-␥/␦ T-cell receptor (GL3) antibodies (all purchased from Pharmingen, San Diego, Calif., and determined to be optimal in separate experiments) for 30 min on ice, followed by treatment with 1:10 rabbit complement (Pel-Freeze, Brown Deer, Wis.) for 30 min at 37°C. Aliquots of both the starting spleen cell populations and the final B-cell-enriched populations were analyzed by flow cytometry using a FACScan. Cells were stained using a panel of monoclonal antibodies including fluorescein isothiocyanate-conjugatedanti-B220 phycoerythrin (PE)-anti-CD4, PE-anti-CD8, PE-anti-CD11b, and PEanti-␥/␦ T-cell receptor antibodies (all purchased from Pharmingen and chosen to recognize different epitopes from those used in cytotoxicity where available) in both one-and two-color staining protocols. Optimal concentrations for staining with each lot of each fluorochrome-labeled antibody were determined in separate experiments. Gates were set for viable lymphocytes and monocytes according to forward and side scatter profiles. Starting spleen cell populations used were about 50% B220 ϩ , 5 to 8% CD11b ϩ , 30% CD4 ϩ , 10% CD8 ϩ , and 1 to 3% ␥/␦ ϩ . B-cell-enriched populations used for transfer were Ͼ92% B220 ϩ , approximately 5 to 8% CD11b ϩ , and Ͻ1% CD4 ϩ , CD8 ϩ , or ␥/␦ ϩ . After preparation, spleen cells were cultured at 2 ϫ 10 5 per well in triplicate groups in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (HyClone, Logan, Utah), 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate, 0.075% sodium bicarbonate, and 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (all purchased from GIBCO/Life Technologies, Gaithersburg, Md.). Cells were cultured in 96-well tissue culture plates (Costar, Boston, Mass.) at 37°C in a humidified atmosphere of 5% CO 2 in air. For determination of proliferation, [ 3 H]thymidine (0.5 Ci/ well; specific activity, 6.0 Ci/mmol; New England Nuclear, Boston, Mass.) was added 16 h before harvesting and determination of incorporated radioactivity.
Antibody transfer protocol. Normal mouse serum (NMS) was obtained by bleeding normal BALB/cByJ mice from the lateral tail vein and pooling the resulting serum. Normal BALB/cByJ mice were then immunized with 10 g of LPS i.d., and immune mouse serum (IMS) was obtained 3 or 30 days later. The endpoint anti-LPS antibody titers of the pools used in these experiments were Ͻ1:10 immunoglobulin M (IgM) and IgG for NMS, 1:160 IgM and Ͻ1:10 IgG for day 3 IMS, and 1:320 IgM and 1:160 IgG, determined by enzyme-linked immunosorbent assay (ELISA) using LPS-coated plates (35; see below). BALB/cByJ mice were given 0.5 ml of a 1:4 dilution of these sera i.p. 1 day before challenge with 10 3 LVS bacteria i.p. (35) . Characterization of antibody response. Blood was obtained via the lateral tail vein from the indicated groups of mice both before (prebleed) and after LPS immunization or LVS infection. Results used pooled sera are shown here; care was taken to pool approximately equal quantities of blood from individual mice within a group before preparation of sera. Titers of specific anti-LVS serum antibodies were determined as previously described (35) . Briefly, Immulon 1 plates were coated overnight with 5 ϫ 10 6 live LVS bacteria, washed, and blocked; samples were added in twofold serial dilutions and incubated for 2 h at 37°C. After washing, enzyme-labeled antibodies (goat anti-mouse immunoglobulin; anti-IgM; or anti-IgG that detects IgG1, IgG2a, IgG2b, and IgG3), directly conjugated to horseradish peroxidase (Southern Biotechnology Birmingham, Ala.), followed by ABTS [2,2Ј-azinobis(3-ethylbenzthiazolinesulfonic acid)] peroxidase substrate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.), were added for detection. Plates were read for optical density at 405 nm (OD 405 ) with an OD 600 reference. The endpoint titer of IMS was defined as the lowest dilution of immune serum that had a mean OD 405 value greater than the mean OD value of the matched dilution of NMS plus 3 standard deviations and also greater than 0.050 (35) . The starting dilution for most assays was 1:20, and thus 1:20 is the limit of detection for all assays unless otherwise stated. To detect antibodies directed against LVS LPS, the assay was modified such that Immulon 1 plates were coated with LPS rather than whole LVS bacteria. LVS LPS was diluted to 2 g/ml in PBS (pH 7.2), 100 l was added to each well, and plates were incubated for 2 h at 37°C and overnight at 4°C. The remainder of the assay was performed as described above. Plates coated in this manner readily reacted with a previously described anti-Francisella monoclonal antibody, designated Fran 4 (33), confirming that LPS successfully adhered to Immulon 1 plates and that this monoclonal antibody reacts with F. tularensis LVS LPS. The levels of binding of serum obtained from germ-free BALB/c mice and normal BALB/cByJ mice to LPS-or LVS (35)-coated ELISA plates were identical, indicating that these mice do not have natural antibodies either to LVS LPS or to LVS itself.
ELISPOT assay. Numbers of cytokine-secreting spleen cells, after 8 h of in vitro stimulation with the indicated DNA preparations, were determined by enzyme-linked immunospot (ELISPOT) assay as previously described (26) . Briefly, microtiter plates were coated with primary anticytokine antibodies and blocked, and serial dilutions of single spleen cell suspensions were incubated for 8 h at 37°C. Cytokine-secreting spots were detected by the addition of secondary biotinylated anticytokine antibodies, followed by avidin-conjugated alkaline phosphatase and 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium solution (Kirkegaard & Perry).
RESULTS

Protection against lethal F. tularensis LVS infection induced by LVS LPS.
We have previously described a nonspecific, Bcell-dependent phase of innate immunity that leads to generation of strong protective immunity against lethal challenge very quickly after establishment of sublethal infection: normal mice (but not B-cell-deficient mice) given a sublethal dose of LVS i.d. on day 0 survive a subsequent lethal i.p. or intravenous challenge of over 10 6 50% lethal doses (LD 50 ) given on day 3 (8, (13) (14) (15) . To test whether LVS LPS has a role in this early protective immunity, BALB/cByJ mice were given various doses of LVS LPS i.d. on day 0 and challenged 3 days later with lethal doses of LVS, either 10 3 (1,000 LD 50 ) or 10 4 (10,000 LD 50 ) bacteria (Fig. 1) . Very strong protection against lethal LVS infection was readily demonstrated. Remarkably, mice given doses as low as 0.1 ng of LVS LPS i.d. survived lethal LVS challenge, depending on the strength of the challenge given. In fact, mice given 100 ng of LVS LPS i.d. survived LVS challenge doses approaching 10 6 bacteria (1,000,000 LD 50 [ Fig.  2] ). The time course of development of early protective immunity was identical to that previously observed using sublethal bacterial infection (13, 15) , since all mice given LVS LPS 2 or 3 days before challenge with 10 4 LVS bacteria i.p. survived (Fig. 3) . Very small amounts of anti-LPS antibodies, using either ELISA or Western blotting, were detected in serum from mice given 100 ng of LVS LPS i. monocytogenes survived. Early protection also could not be demonstrated using other types of LPS, in that mice given 100 ng of E. coli O55 LPS, Salmonella serovar Typhimurium LPS, or E. coli K235 LPS i.d. on day 0 and challenged with 10 3 LVS bacteria i.p. on day 3 did not survive (Fig. 4) . control (PBS-treated) mice. In contrast, T-cell-deficient BALB/c. nu/nu mice treated with LVS LPS survived lethal challenge for 2 to 3 weeks longer than control (PBS-treated) mice; these mice eventually succumbed to challenge after about 3 to 4 weeks (Table 1) Characterization of immune responses by B cells to F. tularensis LVS LPS. To begin to understand the basis of B-celldependent protection, we further characterized the immunobiological properties of LVS LPS, particularly those involving B-cell stimulation. Both specific and nonspecific responses to LVS LPS in mice were studied. First, the specific antibody response to LVS LPS was studied by immunizing BALB/cByJ mice with 100 ng of LPS i.d.; this dose was chosen following dose-response studies of protection (Fig. 1) . Sequential serum samples were obtained at various time points after immunization with LPS, and serum titers of specific anti-LPS and anti-LVS bacterial antibodies were determined by ELISA. Binding of serum antibodies was assessed using both plates coated with LPS itself (the same preparation as that used for immunization; designated hereafter anti-LPS antibodies) and plates coated with whole LVS bacteria (designated hereafter anti-LVS antibodies). IgM anti-LPS antibodies were readily detected (using LPS-coated plates) by 7 days after immunization with LPS but declined thereafter (Fig. 5A ). Small amounts of IgG anti-LPS antibodies were detected at all time points but did not increase noticeably with time. When the same serum samples were assayed on LVS-coated plates, IgM antibodies were detected at days 7 and 14, and IgG antibodies were detected only on day 35, all at low levels ( For comparison, other mice were infected with 10 4 LVS bacteria i.d. at the same time as LPS immunization, and serum samples were assayed simultaneously on both LVS-coated plates (anti-LVS antibodies) and LPS-coated plates (anti-LPS antibodies). As previously described (35) , IgM anti-LVS antibodies were readily detected using LVS-coated plates by day 7 in serum from mice given this sublethal infection, and levels declined slightly but remained detectable thereafter; IgG antibacterial antibodies were detected by 14 days after infection and increased thereafter (Fig. 5D ). When the same serum samples were assayed on LPS-coated plates, very high amounts of IgM anti-LPS antibodies were detected throughout the course of the study, as were IgG anti-LPS antibodies from day 14 and beyond ( Fig. 5C ). When day 35 serum samples from LVS-infected mice were studied for isotype of IgG antibodies, the endpoint anti-LVS antibody titers in this experiment were quite high: IgG1, 1:800; IgG2a, 1:12,800; IgG2b, 1:6,400; and IgG3, 1:800. The same samples assayed on LPS-coated plates were similarly very high (IgG 1 , 1:6,400; IgG2a, 1:25,600; IgG2b, 1:800; and IgG 3 , 1:6,400).
To determine whether the antibody response to LVS LPS was thymus independent, a single experiment compared serum antibody titers produced after immunization of BALB/cByJ or athymic BALB/c. nu/nu mice with 100 ng of LPS i.d. Serum IgM titers were quite similar in both groups of mice at all time points, and IgG titers were low or undetectable (data not shown).
To confirm the specificity of the antibodies generated following immunization with LPS, day 3 and day 30 serum samples from both LPS-immunized mice and LVS-infected mice 3 or 10 4 LVS bacteria i.p. on day 3. Actual priming and challenge doses were confirmed by plate count at the time of inoculation. Mice were observed for morbidity and mortality through day 60, at which time surviving mice were sacrificed to assess clearance of bacteria from spleens. MTD, mean time to death of those mice that died in relationship to the day of i.p. challenge. These experiments are representative of six total experiments of similar design.
were analyzed by Western blotting using either LVS LPS, E. coli LPS, or whole, heat-killed bacteria as antigens. This analysis demonstrated that, as expected, day 30 serum from mice immunized with LVS LPS reacted with both LVS LPS and heat-killed LVS, but not E. coli LPS, in a characteristic LPS ladder-like pattern. Day 30 serum from mice infected with LVS bacteria recognized a number of individual protein bands as well as a ladder-like pattern of bands when reacted with heat-killed bacteria but only a ladder-like pattern of bands when reacted with LVS LPS. Only very faint reactivity was detected using either day 3 IMS to react with either LVS LPS or heat-killed LVS bacteria as antigens (data not shown).
To determine whether anti-LPS antibodies were able to transfer protection against lethal challenge to naive recipient mice, BALB/cByJ mice were given 0.5 ml i.p. each of day 3 or day 30 anti-LPS IMS and challenged with 10 2 LVS bacteria i.p. immediately after transfer (35) . Alternatively, mice were immunized with 100 ng of LVS LPS i.d. 3 days earlier and challenged at the same time as mice that received IMS. In two experiments of similar design, all of 10 mice survived lethal LVS challenge following LPS immunization, but none of 10 mice survived after receiving day 3 anti-LPS IMS, and none of 10 mice survived after receiving day 30 anti-LPS IMS. Thus, anti-LVS LPS antibodies, even when produced by immunization with much higher amounts of LVS LPS (10 g) than were effective in protection, were unable to transfer protection against lethal challenge.
To examine the nonspecific lymphocyte stimulation activities of LVS LPS, lymphocyte proliferation assays were performed. Spleen cells from naive BALB/cByJ mice were cultured with various doses of either E. coli O111 LPS or LVS LPS. [ 3 H]thymidine was then added overnight 1, 2, or 3 days after initiation of cultures. Data from day 2 are shown in Fig. 6 , but trends were comparable on all days. E. coli O111 LPS (Fig. 6 ) and concanavalin A (see the legend to Fig. 6 ) readily induced proliferation of murine spleen cells. However, LVS LPS did not stimulate proliferation at any dose tested up to 100 g/ml. Similar results were obtained using enriched B cells (data not shown). Culture supernatants from spleen cells stimulated with E. coli O111 LPS contained large amounts of secreted murine IgM, but no such increase in polyclonal immunoglobulin was observed in supernatants collected from LVS LPS stimulated cultures at any time point (data not shown).
The ability of LVS LPS to stimulate cytokine secretion from spleen cells was also studied (Table 2 ). Mice were treated with either PBS, LVS LPS, or oligonucleotide DNA (as a positive control [16] ). Three days later, spleens were removed and studied for ex vivo cytokine production by ELISPOT assay; results shown here included LPS or DNA in the medium during the 8-h incubation period of the assay (Table 2 ), but numbers of ELISPOTs per 10 6 cells were very similar in parallel cultures that did not contain LPS or DNA in the medium (data not shown). Only DNA treatment, not LVS LPS treatment, 3 days before assay noticeably increased the numbers of cells secreting IFN-␥, IL-12, and IL-6 (but not IL-4). To determine whether LPS primed lymphocytes for an increase in cytokine production that was revealed only upon infection, mice were treated with PBS or 100 ng of LPS i.d. and infected with 10 3 LVS bacteria 3 days later; spleens were tested by ELISPOT assay 3 days after infection. Large increases in numbers of ELISPOTs for IFN-␥ were observed after LVS infection alone, but there was no increase or decrease in numbers of ELISPOTs for IFN-␥ with LPS priming, nor was there an increase in numbers of ELISPOTs for IL-12, IL-6, or IL-4 following either infection alone or LPS priming and infection (data not shown). Thus, LVS LPS, unlike LPS derived from traditional enteric bacteria, did not stimulate murine B cells or other lymphocytes directly for polyclonal lymphocyte proliferation or immunoglobulin secretion, nor did it induce cytokine secretion from murine splenocytes (for the cytokines tested).
DISCUSSION
The data presented here demonstrate that LPS purified from F. tularensis LVS lacks the ability to nonspecifically activate murine B cells for proliferation or polyclonal immunoglobulin secretion and does not stimulate murine splenocytes to secrete IL-12, IL-6, IL-4, or IFN-␥ (Fig. 6 and Table 2 ). Similarly, previous results indicate that LVS LPS is unable to activate murine (1) or human (37) macrophages. LVS LPS does stimulate specific antibody production and in purified form is a weak immunogen that induces primarily an IgM response (Fig. 5) . When recognized by the murine immune system as a component of the bacterium, however, the resulting specific antibody response is vigorous and is characterized by the production of large amounts of IgG, particularly IgG2a ( Fig. 5 and Results). Despite the apparent absence of nonspecific immunostimulatory activity and minimal specific antibody production, however, treatment of mice with surprisingly small amounts of LVS LPS stimulates very strong B-cell-dependent protection against lethal LVS challenge within 2 to 3 days (Table 1 ; Fig. 1 to 3) . The mechanism of protection is fundamentally different from activation by other types of enteric LPS and does not involve recognition through the Lps n gene product ( Fig. 4; Table 1 ). Thus, LVS LPS is a highly unusual LPS, and induction of protection involving B cells is likely effected through an indirect means rather than through traditional direct activation of B cells.
The protection provided by purified LVS LPS is remarkable for the ability of this purified component, rather than live bacteria as is usually necessary, to provide protection against this intracellular pathogen. Previous studies clearly indicated that immunization of mice with heat-killed LVS, for instance, did not provide any measurable protection against challenge with either LVS or fully virulent F. tularensis strain Schu 4 (5, 11, 20, 22) . Of note in this regard is the fact that another study using repeated large doses of LVS LPS as a vaccine demonstrated protection against lethal LVS challenge but not Schu 4 (19, 20) challenge. These and other early studies have led to the proposal that Francisella subunit vaccines and various extracts of bacteria may provide some weak protection against challenge with LVS or less virulent strains of F. tularensis but not against more virulent strains such as Schu 4. The studies performed here do not address this point directly, nor do they provide information on the whether LPS from Francisella is a realistic vaccine candidate. They nonetheless demonstrate that under some circumstances a purified bacterial component can provide substantial protection against a challenge with an intracellular bacterium that is fully virulent for mice.
Although the structure of LVS LPS has not been determined, these results clearly imply that the chemical composition of the lipid A moiety of LVS LPS is quite different from that of enteric LPS and that LVS LPS lacks a functional lipid A. This apparently confers a survival advantage on the bacterium, since its LPS does not participate in induction of nitric oxide production that might limit its intracellular growth (6). a Three days before assay, groups of four BALB/cByJ mice were treated with either PBS (100 l i.d.), oligonucleotide DNA (20 g i.p.), or LVS LPS (100 ng i.d.). All mice were sacrificed on the same day; spleens were removed and assayed for ELISPOT formation for the indicated cytokines, including LVS LPS (50 ng/ml) in the medium (for LPS-treated mice) or oligonucleotide DNA (1 g/ml) (for DNA treated mice), during 8 h of in vitro culture. Errors are not shown for clarity of presentation but were always less than 25% of the mean. This experiment is representative of three experiments of similar design.
Further, since other data indicate that LVS LPS is unable to block macrophage stimulation by functional LPS (1), the structure must be distinct enough to not permit recognition as an antagonist for traditional LPSs. The ability of LVS LPS to stimulate protection in C3H/HeJ mice, which are defective in the ability to recognize and respond to enteric LPS at least in part due to a point mutation in Toll-like receptor 4 (24, 34, 43) , suggests that LVS LPS is recognized through receptors other than Tlr4.
Most other purified LPS chemotypes that stimulate polyclonal activation also stimulate strong primary IgM antibody responses (32) ; the lack of lipid A-related activity presumably explains why LVS LPS is such a weak immunogen. LVS LPS has more similarities to other nonmitogenic carbohydrate antigens such as capsular polysaccharides, which typically stimulate weak primary IgM and IgG3 responses as well. Our previous results also demonstrated that athymic nu/nu mice also produce only small amounts of anti-LVS IgM when immunized with live bacteria (15) , as did nu/nu mice immunized with purified LVS LPS (see Results), and thus it is reasonable to conclude that LVS LPS should be considered a thymus-independent antigen.
The failure to detect binding of IgG anti-LPS antibodies to LVS-coated plates (Fig. 5 ) may imply that the LPS epitopes recognized by these antibodies are not readily accessible on the surface of LVS bacteria, at least when bacteria are prepared and allowed to adhere to ELISA plates in this manner. In contrast, infection with bacteria stimulates IgG anti-LPS antibodies that are readily detected on LVS-and LPS-coated plates (Fig. 5) , and thus the epitope(s) recognized by these antibodies appears to be readily accessible on the bacterial surface. Alternatively, the results may indicate that anti-LPS antibodies, particularly the small amounts of IgG antibodies produced after immunization with purified LPS, are of very low affinity compared to those produced after immunization with live bacteria; thus, their binding to bacteria coating plates may be easily disrupted in the course of the assay. The results of studying anti-LPS antibodies produced after immunization with live bacteria also indicate that a large portion of the serum anti-LVS response is comprised of anti-LPS antibodies (Fig. 5) ; this is entirely consistent with similar observations in human serological studies of tularemia, in which serum from people either vaccinated with LVS (44) or recovering from natural infection (28, 42) exhibit high titers of anti-Francisella LPS antibodies. The predominance of the IgG2a isotype likely reflects the large induction of IFN-␥ following LVS infection.
Our previous studies have demonstrated that normal mice, but not lymphocyte-deficient scid mice or B-cell KO mice, given a sublethal infection with LVS survive a strong lethal challenge with LVS given only 2 to 3 days later (8, 13) . This early protective immunity, which was also demonstrable in L. monocytogenes infection in mice (14) , is nonspecific and requires IFN-␥ and lymphocytes, particularly B cells. Importantly, lack of specificity was indicated by the ability of sublethal infection with LVS to generate protection against lethal challenge with L. monocytogenes (14) , although LVS-mediated protection against lethal Salmonella serovar Typhimurium challenge could not be demonstrated (13) . We have recently demonstrated that genomic or oligonucleotide bacterial DNA containing unmethylated CpG motifs was able to stimulate protection against lethal LVS or Listeria challenge within 2 to 3 days after administration. As for early protection stimulated by bacterial infection, the protective mechanism was also dependent on lymphocytes, particularly B cells and IFN-␥ (16). Here, we wished to determine whether LVS LPS is similarly a candidate bacterial component involved in the stimulation of early protective immunity. Like results of using live bacteria as an immunogen (8, 13, 15) , protection stimulated by LVS LPS required low doses, was effective against very large doses of lethal LVS challenge, developed within 2 to 3 days, and was dependent on B cells and IFN-␥ ( Fig. 1 to 3 ; Table 1 ). Protection is clearly not due to contaminating bacterial DNA, which is undetectable in these LPS preparations. Further, unlike results using live bacteria or DNA (14, 16) , LVS LPS did not stimulate protection against Listeria (see Results). There are several possible interpretations of this apparent discrepancy. First, early protective immunity may not be a function of LVS LPS but of other bacterial components such as DNA. This would be consistent with other studies demonstrating that sublethal infection with F. novicida, which has a different chemotype of LPS on its surface, provides protection against lethal challenge with F. tularensis LVS (T. Kieffer and K. L. Elkins, unpublished results); such results suggest that LVS LPS may be sufficient for early protection under some circumstances but is not necessary. A second possibility is that LVS LPS may be unable to stimulate the full range of immune mediators necessary for protection against Listeria when introduced as a purified molecule in isolation from the rest of the bacterium but can do so for LVS in conjunction with infection itself (e.g., when the challenge is introduced); specificity in this case would be only apparent, rather than due to clonal recognition of LPS by B-or T-cell receptors that is the hallmark of specific immunity. This concept would also be consistent with the observation that IFN-␥ is required for LPS-stimulated protection (Table 1) , despite the inability of LPS to stimulate IFN-␥ production by murine splenocytes (Table 2) ; as demonstrated by ELISPOT assay, IFN-␥ production by splenocytes is stimulated by LVS infection alone (see Results).
A third possibility is that protection stimulated by LVS LPS against LVS is indeed specific and due to the production of anti-LPS antibodies that are unavailable in B-cell-deficient mice. Our previous results have demonstrated that serum (10, 35) or monoclonal anti-LVS antibodies (33) transfer only very weak protection against lethal LVS challenge under limited experiment circumstances. We believe that it is highly unlikely that LPS-stimulated protection is mediated by specific antibodies for a number of reasons. First, in other circumstances such as the stimulation of early protection by whole bacteria, the defect in B-cell-deficient mice is readily reconstituted by transfer of naive B cells but not immune mouse serum (8, 12) . Second, the antibody response to 100 ng of LVS LPS is quite weak at its peak on day 7 after immunization and barely detectable by very sensitive techniques on day 3 when lethal challenge is introduced (Fig. 5 and Results); in addition, immune serum from mice immunized 3 days earlier with LVS LPS was unable to transfer protection against a relatively weak lethal LVS challenge (Results). Further, there is no detectable anti-LPS antibody response in the serum of mice given 1 ng (or even 0.1 ng) of LVS LPS i.d. at any time point (Results), yet this dose of LPS is able to elicit strong protection (Fig. 1) . Third, large doses of day 3 immune serum from LVS LPSimmunized mice are unable to transfer protection against even a relatively small lethal challenge of 10 2 LVS bacteria i.p. (Results).
Instead, we propose that LVS LPS stimulates potent protection against lethal LVS challenge via cytokines and chemokines whose production or expression of function is directly or indirectly dependent on B cells. Resolution of LVS infection has previously been shown to be dependent on TNF-␣ (29) . Since LVS LPS also does not stimulate production of TNF-␣ (1, 37), another bacterial component must be responsible for elicitation of this cytokine during survival of LVS infection. Similarly, LVS LPS-stimulated protection was dependent on IFN-␥ (Table 1) , but LVS LPS did not stimulate production of IFN-␥ from spleen cells (Table 2) or peritoneal cells (data not shown) in vitro. Because natural killer (NK) cells are an important source of IFN-␥ in innate immune responses, future studies will determine the ability of LVS LPS to stimulate NK cells (which are very few in spleen cell populations) for IFN-␥ production and cytotoxicity. However, since scid mice, which contain abundant functional NK cells, were not protected against lethal LVS challenge upon immunization with LVS LPS (Table 1) , any stimulation of NK cells by LVS LPS could at best be necessary but not sufficient for protection.
Further understanding of the functional capabilities of LVS LPS is important to determining whether the molecule may be useful as a vaccine candidate or as an adjuvant for other antigens. Thus, future studies will continue to elucidate the structure-function relationships of this unusual LPS.
